The microstructure of the oxide dispersion strengthened ferritic steel PM2000 has been investigated after compression by dynamic plastic deformation to a strain of 2.1 and after subsequent annealing at 715 ºC. Nanoscale lamellae, exhibiting a strong 100 + 111 duplex fibre texture, form during dynamic plastic deformation. Different boundary spacings and different stored energy densities for regions belonging to either of the two fibre texture components result in a quite heterogeneous deformation microstructure. Upon annealing, preferential recovery and preferential nucleation of recrystallization are found in the 111oriented lamellae, which had a higher stored energy density in the as-deformed condition. In the course of recrystallization, the initial duplex fibre texture is replaced by a strong 111 fibre recrystallization texture.
Introduction
Oxide dispersion strengthened (ODS) steels are considered to be promising structural materials for the next-generation fission and fusion reactors because of their excellent resistance to both irradiation damage and high-temperature creep [1, 2] . It has been suggested that irradiation induced swelling might be reduced in materials with well-refined microstructures, and that these materials may therefore exhibit improved irradiation tolerance compared to their coarse-grained counterparts [3, 4] . One way to refine the microstructure is via plastic deformation when original grains are subdivided by deformation-induced dislocation boundaries [5] .
In previous studies [6, 7] , dynamic plastic deformation (DPD) at high strain rates (10 2 ˗10 3 s -1 ) [8] has been demonstrated to be more efficient in refining the microstructure of a ferritic/martensitic steel than deformation at low strain rates. In the present work, the microstructure and the texture of a ferritic ODS steel PM2000 are investigated after DPD to a strain of 2.1. As the service temperatures of ODS steels in reactors are expected to be rather high, the thermal stability of the microstructure obtained by DPD is analysed focusing on orientation-dependent recovery and recrystallization taking place during annealing. 
Experimental
A ferritic steel PM2000 (see Table 1 ) with oxide nanodispersoids was received in the form of a hotextruded rod with a diameter of 13 mm [9] . Cylindrical specimens with a diameter of 6 mm and height of 9 mm were machined with their cylinder axis along the extrusion direction. The specimens were compressed by 5 passes at room temperature by DPD at a strain rate of 10 2  10 3 s -1 to an equivalent strain of 2.1 [10] . The deformed material was then annealed isothermally at 715 °C for different durations. The microstructure of the deformed and annealed samples was investigated by electron backscatter diffraction (EBSD) in a Zeiss Supra 35 FEGSEM equipped with a Channel 5 system. Due to the limited angular resolution of the EBSD technique [11, 12] , misorientation angles θ less than 2° were not considered in the analysis. Boundaries with misorientation angles θ between 2° and 15° were defined as low angle boundaries (LABs), while boundaries with msiorientation angles θ larger than 15° were classified as high angle boundaries (HABs). The volume fraction of the different texture components were calculated allowing a 10° orientation deviation from the exact 100 and 111 fibres.
The recrystallized volume fraction was determined by identifying individual recrystallized grains as regions at least partly surrounded by HABs, having an equivalent circular diameter (ECD) above 3 μm and an internal point-to-point misorientation below 2° [13] . The boundary area density SV was determined from the EBSD data [14] and the energy density stored in the form of boundaries in the deformed or recovered microstructure was calculated as u = SV. The surface energy of HABs was assumed to be HAB = 617 MJ/m 2 [15] , whereas the surface energy of LABs with misorientation angles  < cr = 15º was calculated using the Read (1)
Results
The orientation map obtained by EBSD (figure 1a) from PM2000 after DPD to a strain of 2.1 shows a nanoscale deformation structure with lamellar boundaries almost perpendicular to the compression axis (CA). The microstructure is substantially refined by DPD as is evident from the spacing dθ>2° measured along the CA between boundaries with θ > 2°, which decreased from 580 nm in the asreceived material to 76 nm after DPD (see table 2 ). The fraction of LABs (fLAB) in this deformed microstructure is 52%. It is apparent that the map contains mainly two types of regions which appear either in red or in blue, corresponding to 100 and 111 fibre texture components, respectively. The microstructural evolution during annealing after DPD is illustrated by orientation maps for the samples annealed at 715 °C for 10, 20, and 80 min (figure 1b-d). It is seen that the lamellar morphology observed in the as-deformed material is retained after 10 min of annealing (figure 1b). The fraction of LABs after 10 min of annealing is similar to that in the as-deformed condition (see table 2 ). However, during annealing the microstructure coarsens and the average spacing dθ>2° increases from 76 nm in the DPD sample to 176 nm after 10 min at 715 °C. The material is still mainly in the recovered state, with only a single recrystallization nucleus found in the characterized area, which accounts for 1% of the volume fraction. After 20 min of annealing, the volume fraction of recrystallized material (frex) is 68% and the average boundary spacing dθ>2° is 750 nm. After annealing The orientation maps provide evidence that the majority of recrystallized grains have a 111 direction along the CA (blue in figure 1b-d ). In the sample annealed for 80 min ( figure 1d ), such 111-oriented grains occupy 67% of the area. The evolution of crystallographic texture is further illustrated by the inverse pole figures in figure 2 . It is seen that the 100 + 111 duplex fibre texture in the as-deformed PM2000 evolves during annealing into a well-defined 111 fibre texture, whereas the strength of the 100 fibre texture component decreases gradually. From the volume fractions of the individual texture components in figure 3 it is apparent that during recrystallization the 111 fibre strengthens primarily at the expense of the 100 fibre, i.e. recrystallization in PM2000 after compression by DPD is orientation-dependent. 
Discussion
Compression of PM2000 by DPD to a strain of 2.1 results in nanoscale lamellar structures with a boundary spacing of 76 nm as determined by EBSD along the CA. This spacing is considerably smaller than the value of 110 nm obtained in a modified 9Cr˗1Mo steel compressed by DPD to a similar strain [7] . The smaller spacing in PM2000, as compared to the modified 9Cr˗1Mo steel, is attributed to the finer starting microstructure as well as the enhanced structural refinement due to the oxide nanodispersoids in PM2000. The lamellar structure shows a strong 100 + 111 duplex fibre texture, which is in agreement with earlier reports on textures developing during free compression in body centred cubic materials [6, 7, [17] [18] [19] . The development of such a duplex fibre texture can be rationalized in terms of Taylortype models based on 111-pencil glide of dislocations in body centred cubic materials [20] .
During annealing, lamellae of the different fibre texture components exhibit very different recrystallization behaviour, with the majority of the recrystallized grains belonging to the 111 fibre. This orientation-dependent recrystallization leads to a dominant 111 fibre texture in the recrystallized material. This texture evolution during recrystallization of PM2000 is similar to that previously observed during annealing of heavily compressed iron [18, 19] .
To understand the reason for the observed differences in the annealing behaviour of regions having different orientations, structural parameters of the deformed and recovered material in the present PM2000 sample were analysed separately for the two different texture components (see figure 4) . Figure 4a demonstrates that after DPD the boundary spacing dθ>2° within the 100-oriented lamellae is larger (80 nm) than that within the 111-oriented lamellae (68 nm). After 10 min of annealing, however, this difference becomes smaller, while after 20 min of annealing, dθ>2° of the 111-oriented lamellae is even larger than that of the 100-oriented lamellae (note that for partially recrystallized samples, the reported spacings dθ>2° represent only recovered regions). Figure 4b shows the stored energy density u calculated from the EBSD data for the 100and 111-oriented regions in the deformed and annealed samples. It is seen that in the deformed microstructure u111 is considerably higher than u100. This difference, however, becomes very small after 10 min at 715 °C (see figure 4b ).
After annealing at 715 °C for 20 min u111 is even somewhat lower than u100. Figure 4 . Evolution of structural parameters during recovery of PM2000 compressed by DPD to a strain of 2.1: (a) the average boundary spacing between boundaries with misorientation angles θ above 2° measured along the CA; (b) the stored energy density for the 100 and 111 fibre texture components. Both parameters are determined from the EBSD data for the deformed and recovered regions only.
The differences between the 100and 111-oriented lamellae in the deformed microstructure are attributed to the difference in their Taylor factors during compression. Assuming pencil glide, the Taylor factor for body centred cubic crystals compressed along 100 is 2.1, while for compression along 111, the Taylor factor is 3.2 [21] which are respectively the lowest and highest values among all directions. This considerable difference between the two fibre texture components indicates that during compression, regions of the 111 component experience appreciably larger plastic slip than regions of the 100 component. Consequently, the work done to deform individual grains with a higher Taylor factor is larger than that to deform grains with a lower Taylor factor. Therefore, the stored energy density can also be expected to be larger in regions with a higher Taylor factor. It is believed that this higher stored energy in 111-oriented lamellae results in faster recovery (as seen in the faster reduction of the stored energy in figure 4b ), also leading to preferential nucleation in these 111-oriented regions.
Conclusion
Compression by DPD to a strain of 2.1 significantly refines the initial microstructure of PM2000, resulting in nanoscale lamellae with a 100 + 111 duplex fibre texture. Orientation-dependent recrystallization takes place during annealing at 715 °C leading to strengthening of the 111 fibre texture component primarily at the expense of the 100 fibre texture component. As a result, a strong 111 fibre texture is present when recrystallization is almost complete. It is suggested that this orientation-dependent recrystallization is caused by a higher stored energy in the 111-oriented lamellae after DPD. During annealing these lamellae recover faster than lamellae of the 100 fibre texture component, which possibly causes the observed preferential nucleation of 111-oriented grains.
